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Abstract 
Ehrlich ascites tumor cells were found to be in a low bioenergetic status, as evaluated by acridine orange uptake and ATP content, when resuspended 
in a glucose medium shortly after removal from the animal. Dye uptake as well as ATP content then increased for about 2 h at room temperature. 
This effect was only slightly inhibited by oligomycin. Cells resuspended in a glucose-free medium initially showed high dye uptake and ATP level, 
which were stable over time: in this case oligomycin caused a drop in both dye uptake and ATP level. The above findings, which are indicative of 
a marked Crabtree effect in Ehrlich ascites tumor cells, means that it is unlikely that limiting ADP and P, play an important role in the glucose-induced 
inhibition of oxidative phosphorylation in this system. 
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1. Introduction 
Following Warburg’s hypothesis that the respiratory 
capacity of cancer cells may be impaired leading to en- 
hanced rates of glycolysis [l], many studies have ad- 
dressed the energy metabolism of different cancer cells; 
in many cases, attempts were made to correlate the devi- 
ations from metabolism of (most) normal cells with the 
degree of malignancy (cell growth rate). It was well es- 
tablished that enhanced aerobic glycolysis is not due to 
damage in the respiratory apparatus, as cancer cells may 
obtain energy from oxidative substrates, albeit some- 
times following a metabolic pathway slightly different 
from that of normal cells (for review see [2,3]). Neverthe- 
less, glucose utilization by cancer cells is often accompa- 
nied by a more or less marked decrease in oxidative 
metabolism (Crabtree effect); on the other hand, the Pas- 
teur effect (inhibition of glycolysis by respiratory sub- 
strates) is decreased or lacking. This implies that the 
most rapidly growing cancer cell in particular appears to 
prefer the glycolytic pathway for energy production [2, 
4-61. Even though some of the above features are not 
strictly characteristic of the malignant cell, the abnormal 
relationship between glycolysis and respiration is consid- 
ered a crucial question in the energy metabolism of can- 
cer cells, and is again under investigation [6-81. 
In searching for a possible role of the vacuolar appara- 
tus pH in the malignant process 19,101, we found that 
Ehrlich ascites tumor cells (EATC) could be, as har- 
vested, in a transient low bioenergetic status; this finding, 
*Corresponding author. 
Abbreviations: EATC, Ehrlich ascites tumor cells; AO, acridine orange; 
HEPES, N-2 hydroxyethylpiperazine-N’-2-ethanesulfonic acid; ATP- 
ase, adenosine triphosphatase. 
as well as the metabolic pathway used by the cells to 
recover to an ‘equilibrium’ bioenergetic status, is the 
subject of this study. 
2. Materials and methods 
2.1. Cells 
EATC were propagated by injection into the peritoneal cavity of 
male BALB/c mice, and harvested, if not otherwise indicated, 7-l I days 
later. 
In some cases, the cells were washed 2 times with a saline solution 
containing 130 mM NaCl, 5 mM KCI, 4 mM MgSO,, 5 mM NaHCO,, 
5 mM glucose, and 3@-35 mM HEPES (pH 7.25-7.3 adjusted with 
NaOH) to remove ascitic fluid and contaminating erythrocytes. In most 
cases, the harvested cells were directly diluted (104 x ) in the above 
saline solution, usually 5-15 min after harvest. Any changes in the 
above saline composition are specified in the text. The cell suspensions 
were kept at room temperature (21 f 2°C) or a lower temperature in 
a few cases, as specified; in the latter case, aliquots of the cell suspension 
were equilibrated at room temperature before use in the different as- 
says. The pH of the cell suspension was determined periodically and 
before each assay, and when necessary readjusted with NaOH. 
Thymocytes were isolated, by a standard procedure, from male Wis- 
tar rats weighing 150-200 g. The cell were maintained at room temper- 
ature in a simplified saline solution containing 140 mM NaCI, 5 mM 
KCI, 4 mM MgSO,, 5 mM glucose, 5 mM NaHCO, and 20 mM HEPES 
(pH 7.25-7.3). 
Cell (thymocytes and EATC) viability was > 90% throughout the 
experimental period which did not exceed &5 h. 
2.2. Assays 
Acridine orange (AO) was used as a pH gradient probe [l I]. A0 
uptake by cells was followed spectrophotometrically [12], at room tem- 
perature, with a dual wavelength spectrophotometer, employing 492 
nm as measuring and 550 nm as reference wavelength [I 11. Cell protein 
was determined by the Coomassie blue method [13]. When unwashed 
EATC suspensions were used, cell protein content was evaluated using 
the value of 11 x IO6 cells for mg of protein (determined in washed 
EATC suspensions). 
To evaluate the extent of intracellular pH gradient-driven dye up- 
take, nigericin at a concentration of I &ml was used to collapse 
intracellular pH gradients [12]. This ionophore can exchange cytoplas- 
mic K’ with H’ in the medium [14] or acidic vesicles, and this latter 
exchange is monitored by the increase in dye absorbance [12]. On 
fluorescence microscopy we observed that this ionophore concentration 
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had little effect on the release of dye from acidic organelles, including 
perhaps secretory granules, which are present in cells other than EATC 
(presumably lymphoid cells, which made up 10~15% of the total num- 
ber). Unlike EATC, in our experience, these cells required higher niger- 
icin concentrations (up to &8 ,@ml in the medium) or 20 mM NH,CI 
for complete collapse of the pH gradient. 
ATP was measured at room temperature by the fluorimetric detec- 
tion ofNADPH, in the presence of NADP’, glucose and an appropriate 
enzyme mixture (Sigma) [I 51, following liberation of cell ATP by Tri- 
ton. The fluorimetric signal was routinely calibrated by adding a known 
amount of ATP at the end of each assay; however, the addition of 
Triton or differences in the composition of the medium, such as these 
due to the presence of oligomycin and deoxyglucose (in place of glu- 
cose), did not interfere with the assay. When glucose was lacking in the 
medium it was added at the proper concentration immediately before 
beginning the assay. The fluorimetric response was invariably recorded 
3 min after ATP liberation. 
Fluorescence of cells supplemented with A0 was observed using an 
Olympus microscope (model BH2-RFL); dye fluorescence shifts from 
green to red when the dye accumulates inside the intracellular compart- 
ments in response to a pH gradient (acidic inside). 
3. Results 
EATC were tested for A0 uptake in order to estimate 
the intracellular proton gradients qualitatively [ 121. 
As shown in Fig. 1, which is representative of more 
than 20 experiments with EATC from different harvests, 
when a glucose medium was used initial A0 uptake was 
low (Fig. la) and was followed by an increasing uptake 
(Fig. 1 b) when the assay was repeated on aliquots from 
the same sample at subsequent times. Uptake reached a 
maximum value (about a 3-fold increase on average) at 
room temperature within 2-2.5 h (Fig. lc). These find- 
ings refer to experiments with EATC harvested 7-l 1 
days after cell injection; in a few experiments using cells 
harvested 5 days after injection, similar findings were 
observed. 
Fig. lc also shows that subsequent addition of oli- 
gomycin did not significantly change the dye uptake ca- 
pability; in contrast, deoxyglucose (in place of glucose) 
plus oligomycin almost completely abolished uptake 
after a short incubation time, thus suggesting that (niger- 
icin-sensitive) uptake reflected the bioenergetic status of 
the cell. 
A different pattern was observed when cells were re- 
suspended in a glucose-free medium (Fig. Id). Dye up- 
take by the cells was nearly at the maximum value from 
the first determinations, and oligomycin addition caused 
a steep fall in dye uptake capability. 
Observation of the cells in the presence of A0 at the 
fluorescence microscope (not shown) confirmed the 
above findings. For example, in a glucose medium no or 
weakly red fluorescing vesicles were initially seen inside 
the cells; a brilliant red punctuate fluorescence, indica- 
tive of dye accumulation, was instead seen when observ- 
ing cells stained some time after, when a greater dye 
uptake was expected. 
Since the cell/dye ratio may be a critical factor in this 
assay, in other experiments different ratios were used 
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Fig. 1. Nigericin-sensitive A0 uptake by EATC suspended in a glucose 
or glucose-free medium. Effect of cell incubation time and metabolic 
inhibitors. (ax) 10 min after cell harvest (time zero in panel c), the 
native EATC suspension was diluted x 30 (cells about 6.0 million/ml) 
in the (glucose-supplemented) saline medium described in section 2 (( )), 
or in the same medium but containing 5 mM deoxyglucose (in place of 
glucose) and I .5 @ml oligomycin (m). The dye uptake assay was started 
by dye addition (lOpM, final concentration) to an aliquot (2 ml) of the 
above suspensions. Nigericin (at a final concentration of I &ml) was 
added at the time indicated, about 18 min after the dye addition, and 
d absorbance recorded as shown in panels a and b (showing dye uptake 
by cells in the glucose medium initiated about IO min and 2 h, respec- 
tively, after cell dilution). When the cell suspension was kept at a lower 
temperature (10-I 2°C) before the dye assay, the recovery of uptake was 
slower and complete within 34 h (not shown). (d) Experiments were 
performed as in panel c, except that the native cell suspension was 
diluted x 30 (cells about 6.5 million/ml) in a glucose-free medium. (c,d) 
At the time indicated by the arrows, oligomycin (1.5,@ml final concen- 
tration) was added to a part of the glucose-supplemented (c) or glucose- 
free (d) cell suspension and aliquots from the oligomycin-containing (0, 
A) or oligomycin-free (0, A) suspensions were used in the later assays. 
All the cell suspensions were maintained at room temperature. pH was 
controlled and adjusted, when necessary, before each assay. 
(not shown); the extent of initial dye uptake (under the 
conditions of Fig. la) was invariably considerably lower 
in EATC than in rat thymocytes used as a control (com- 
parison made on a protein content basis). 
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Fig. 2. Timecourse of the ATP level in EATC suspended in a glucose or glucose-free medium. Effect of metabolic inhibitors. (A) Cell suspension 
was prepared in a glucose (0) or deoxyglucose plus oligomycin (m) supplemented medium as in Fig. 1. At the time indicated, aliquots of the above 
suspension were analyzed for ATP content as described in section 2. The figure is representative of 8 similar experiments with cells from different 
harvests. (b) As in panel a except that the saline did not contain glucose. (a,b) Oligomycin was added as in Fig. 1 to the above cell suspensions at 
the time indicated by the arrow; aliquots of the oligomycin-free (0,~) or oligomycin-containing suspension (.,A) were used in the later assays. Cell 
concentrations in panels a and b were about 2.5 million cells/ml. Other details (in particular pH control and temperature) were as in Fig. 1. 
It is largely accepted that the acidification of lyso- 
somes [ 16,171 and other organelles of the endocytic (or 
exocytic) pathway is due to the activity of an ATP-driven 
proton pump (vacuolar ATPase; for review see [ 181). 
Thus, ATP levels were measured in EATC under the 
same conditions used for the dye uptake assay. As shown 
in Fig. 2, which is representative of several independent 
experiments, apattern similar to that for dye uptake was 
observed. In a glucose medium (Fig. 2a) the ATP level 
increased 2.5 to 3-fold over a time period similar to that 
for the dye uptake increase (see Fig. lc); oligomycin had 
no significant effect on the ATP level, even when initially 
present in the medium (not shown). In the absence of 
glucose (Fig. 2b), oligomycin caused a drop in the ATP 
level, which was initially high. 
Rat thymocytes were used for comparison (Fig. 3). In 
a glucose medium, oligomycin caused a 75% decrease in 
the ATP level in about 4 h; in a glucose-free medium, the 
decrease was almost complete after this time. 
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Fig. 3. ATP level in rat thymocytes uspended in a glucose-containing or glucose-free medium. Effect of metabolic inhibitors. Thymocytes were 
prepared in a glucose-free medium. Immediately afterwards (time zero in the abscissa), aliquots of the suspension were supplemented (final 
concentrations) with 5 mM glucose (0) or 1.5 @ml oligomycin (A) or 5 mM glucose plus oligomycin 1.5 fig/ml (o), or did not receive any addition 
(A), and assayed for ATP content at the times indicated. As shown, in the absence of glucose the ATP level was the same as in the presence, at least 
within the first 4 h. Moreover, in the presence of oligomycin, deoxyglucose had an effect similar to glucose deprivation (not shown). Cell concentration, 
27.5 million/ml. 
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nigericin-sensitive dye uptake was also observed with rat 
thymocytes used for comparison (not shown). 
4. Discussion 
EAT in vivo are subject to glucose and 0, shortage, 
at least when the ascites tumor has reached a certain size 
[19,20]. As a consequence, glucose is likely to be con- 
sumed rapidly by the cells once they are isolated from the 
host. On the other hand, before the cells are resuspended 
in a fully oxygenated medium, 0, supply from the exter- 
nal medium may be low within a short time, if the cell 
suspension is handled gently. This would explain the low 
bioenergetic status in freshly harvested cells as revealed 
by both the low ATP level and the low A0 uptake. 
A low ATP level, measured by means of 31P NMR, 
was found in freshly removed native suspension of EAT, 
before glucose was added to the suspension [21]. 
In the absence of glucose, it can be presumed that a 
‘high energy’ status was rapidly restored once the cells 
were resuspended in the O,-saturated medium, through 
the oxidation of endogenous ubstrates, as reported else- 
where for other cancer cells [4], and thus by means of a 
oligomycin-sensitive process. In the presence of glucose, 
the recovery kinetics was slower, because it was due 
principally to the activation of glycolysis, at low (room) 
temperature, as shown by the poor oligomycin sensitiv- 
ity. This latter finding indicated a marked inhibition of 
endogenous ubstrate oxidation by glucose (Crabtree ef- 
fect), as reported elsewhere for different cancer cells 
[5,6,22]. In contrast, in the rat thymocytes used for com- 
parison, oligomycin caused a consistent decrease in ATP 
level also in the presence of glucose, thus indicating, as 
is well known, that the major contribution to energy 
production, even when glucose is not lacking, is normally 
oxidative phosphorylation (Fig. 3). 
As a consequence of the above analysis, one may ad- 
vance the theory that in vivo the bioenergetic status of 
EAT was also maintained mainly by glycolysis, as re- 
ported for some other tumors ([23], and references 
therein); in the opposite case, it should not drop once the 
cells are harvested because endogenous substrates are 
available, as shown above, and the O2 supply should not 
be lower than that in vivo. 
Our results also show that ATP content can rapidly 
drop in EATC in response to an energy supply shortage, 
perhaps due to the high ATP demand of malignant cells, 
thus confirming previous studies in vitro as well as in 
vivo [21,23,24]. 
In this study the Crabtree effect was observed in cells 
passing from a low to a (presumably) ‘equilibrium’ bio- 
energetic status. Many explanations, one also recently 
[25], have been advanced to account for the elevated 
glycolysis and impairment in oxidative energy metabo- 
lism in cancer cells (see references in [25]). One of the 
most accepted suggests that oxidative metabolism may 
be ADP, Pi (or both) limited due to the enhanced level 
of glycolytic enzymes and reduced number of mitochon- 
dria [2]. However, the above cancer cell peculiarity 
should play a minor role when cell ATP is low, because 
a low ATP/ADP ratio (and in turn, high ADP, Pi) is 
thought to activate oxidative phosphorylation [26]. 
Thus, the finding of a marked glucose impairment of 
oxidative energy metabolism also in cells with initially 
low ATP content argues against the above explanation. 
This suggests that the study of cell metabolic pathways 
when the energy-producing machinery is operating far 
from steady-state conditions might be useful to achieve 
an insight into the energy metabolism of malignant cells. 
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